Patients with intractable bitemporal epilepsy compose a considerable portion (23-66%) of those who undergo presurgical evaluation for resective epilepsy surgery [1] [2] [3] . This cohort of patients represents a large part of the 30% of all medically intractable epilepsy patients who cannot receive surgery because of presumably imminent severe complications [4] . It has been found that 30% of seizure relapses after unilateral temporal lobectomy in patients with seemingly unilateral temporal lobe epileptic foci come from the contralateral temporal region [5] . Bilateral temporal lobe surgery, especially on hippocampal formations, remains taboo since the nonrevised initial reports that massive bilateral symmetric temporal lobe resections lead to severe memory loss and behavioral changes. This fear stems from the findings of Klüver and Bucy [6] , which demonstrated that bilateral resection of temporal lobes, including temporal lobe cortex, hippocampus and amygdala, produces a 'psychic blindness' syndrome in monkeys. Later, Scoville [7] , and Scoville and Milner [8] described recent memory loss after bilateral hippocampal lesions. A review of these cases did not reveal precise surgery confined to hippocampal ablations, but rather extensive simultaneous bilateral resection of both temporal lobes. These resections were performed through Scoville's wide bifrontal craniotomy and bilateral frontoorbital approach and extended 8 cm posterior from the tip of the temporal lobe. Terzian and Ore [9] described bilateral temporal lobe resections both extended up to the vein of Labbé in a patient with bilateral independent EEG epileptic foci who exhibited some elements of Klüver-Bucy syndrome associated with severe memory loss. Apparently, the volumes of these surgeries and the number and extent of bilaterally resected temporal lobe structures, including lateral, basal cortex, hippocampal, parahippocampal gyri and entorhinal cortex are not comparable with precise and controllable stereotactic lesions, which do not include the whole extent of both hippocampi. Wieser and Yasargil [10] , who found no neuropsychological impairment after selective amygdalohippocampectomy compared to anterior temporal lobectomy, also reported the dependence of the degree of cognitive, learning and memory functions on the degree of surgical intervention and surgical approach.
In cases of bitemporal epilepsy with independent seizure onset in both hippocampi, unilateral temporal lobectomy or selective amygdalohippocampectomy leaves the contralateral epileptic focus continuing its ictogenesis. Pathological activity from the remaining epileptic focus in the intact temporal lobe may cause further decline of speech, memory, learning, emotional stability and psychosocial dysfunction, leading to a dependent and restricted lifestyle. A progressive impairment of temporal lobe functions with intermittent active ictogenesis, and the low efficacy of the unilateral temporal lobe surgery in bitemporal epilepsy dictate a need for developing a surgical tactic allowing bilateral surgical intervention without causing a further decrease in memory and learning abilities, which are often already compromised in patients with intractable temporal lobe epilepsy.
However, several reports have considered not the hippocampus alone but other temporal lobe structures as playing an important role in the mechanisms of memory and behavior [11] [12] [13] [14] . These reports support the hope that asymmetrical bilateral ablations specifically limited to malfunctioning epileptic tissue can avoid serious complications. It appears that stereotactic surgery based on precise electrophysiological detection of seizure onsets is probably the only method which allows volume-controlled ablation of abnormally discharging hippocampal tissue, and will not cause additional memory and learning decline in patients with long-lasting intractable bitemporal lobe epilepsy.
Materials and Methods

Patients, Presurgical Evaluation, Decision Making and Follow-Up
This study included all 21 patients who received bilateral surgery for long-standing intractable bitemporal epilepsy [13 men, 8 women, mean age 21 years (range 6-43), seizure onset age 3-15 years, mean duration of illness 17 years (range 3-31), frequency of seizures 6-55/months] with bitemporal independent interictal and ictal epileptiform abnormalities identified in multiple scalp/ depth EEGs. Five of the 21 patients previously received unilateral unsuccessful anterior temporal lobectomy performed on the nondominant hemisphere (Wada test) with nearly complete hippocampectomy (3 right and 2 left) and exhibited postsurgical activation of the contralateral temporal lobe epileptic focus. The intraoperative direct visual assessment of the degree of anatomical ablation of the hippocampus with postoperative MRI and the absence of EEG abnormalities on the side of surgery excluded suspicions about the incompleteness of the previous anterior temporal lobectomy.
Preoperative neurological, EEG, CT, and MRI evaluations were inconclusive about the dominant site of seizure origin. The neuropsychological battery included the adapted Wechsler Scales, TAT, and MMPI tests. No patients with IQs less than 70 were included in the study. All patients had an IQ ranging from low-average to average, exhibited both verbal and nonverbal memory deficits, suggesting bitemporal dysfunction, and displayed interictal psychotic profiles on the MMPI. In this study, our attention was directed toward the memory dynamics in pre-and postoperative states. All of our patients were socially acceptable and did not demonstrate evident memory problems. In our very complex cohort of patients (age, gender, medications, frequency and type of seizures) it was impossible to establish the preoperative memory baseline and score it. To assess memory, we selected a number of the most frequently occurring common nouns, paying particular attention to their length (max. 2-4 syllables). In the memory examination, the patient was presented with unrelated elements -series of ten words and a sentence presented verbally twice, ten word lists and series of material that cannot be verbalized readily, such as places, unfamiliar faces, or abstract designs and drawings presented visually for 1 min. The tests with verbally presented words and sentences were performed separately. Memory assessment was based on the ability of the patients to reproduce the presented material after 5 min. For the memory evaluation, the different series of ten words and visual materials were presented 3 times, with an interval of at least 24 h. These evalua-tions were performed in the patient's interictal state, and 2-3 h after awakening from natural (not postictal) sleep. The results of three consecutive tests were presented as means and standard deviations. This gave us an opportunity to obtain reliable memory score means for each of our patients.
Surgery, Targeting
Stereotactic operations were performed using Talairach's stereotactic frame under general neuroleptanesthesia with N 2 O + O 2 ventilation during the electrode insertion stage. Subsequent intrasurgical electrophysiological studies and lesions were performed under local anesthesia in extubated and awakened patients. Temporal lobe mesiobasal structures were located using an axis of reference constructed on the temporal horn fiducial points [15] . Amygdala and hippocampal structures and exact locations of the intracerebral electrodes were defined by intrasurgical orthogonal televentriculography using water-soluble contrast agents. The thalamic structure coordinates were defined related to the AC-PC line, sagittal midline and a proportional grid according to thalamic size ( fig. 1 ). Amygdala, hippocampus, hippocampal gyrus, fornix and anterior commissure were targeted in all patients. Additional targets were used depending on the role of brain structures in the epileptic process and its manifestations. Dorsomedial (2) and centromedian (5) thalamic nuclei, and cingulum (5) were targeted in patients with psychoemotional disturbances. The caudate nucleus was targeted for the possible use of chronic therapeutic brain stimulation (which is not discussed here). Hippocampus A stereotactic 'total' hippocampotomy on the side of the dominant epileptic focus usually included three lesions of different volume, intending to include maximally the intraventricular part of the structure corresponding to the CA1-CA3 fields of the cornu ammonis [16] . The epileptic focus activity recorded by each stereoelectroencephalography (SEEG) electrode's five contacts determined the volume of the lesion. Stereotactic anterior hippocampotomy was limited to the head of the hippocampus, including its intraventricular part, uncal part, and the digitationes hippocampi. Amygdala A total amygdalotomy was usually performed on the side of the putatively dominant epileptic focus and involved, besides the basolateral amygdalar nuclear complex, the medial nucleus and fundus striae terminalis, the main amygdalar output to the ventromedial hypothalamus. Contralateral limited amygdalotomy was usually centered on the basal, lateral and central nuclei of the amygdala, which have a limbic function and output to the dorsomedial thalamic nucleus, and then to the prefrontal cortex, tegmental area and lateral hypothalamus. This asymmetric amygdalotomy was performed to avoid complete symmetric bilateral surgery and preserve even unilateral partial amygdalar control over the ventromedial hypothalamus.
Cingulum: Anterior Cingulate Cortex (Field 24 of Brodman) and Cingular Bundle Cingulotomies performed to remove both anterior cingulate cortex and the cingular bundle in cases with apparent involvement of anterior cingular area in seizure spread. Intraoperative cerebral angiography was used for precise targeting of the limbic part of the gyrus cunguli [17] located between callosal and calloso-marginal sulci [18] and for preventing hemorrhagic complications.
SEEG Recordings, Functional Probes and Lesioning
Intracerebral electrodes for chronic and intrasurgical SEEG evaluations and functional probes with direct stimulation, local polarization and cooling of deep brain structures were described in detail earlier [3] . EEG/SEEG recordings (DC-80 Hz bandpass) were obtained with a 20-channel Alvar recording system (AlvarElectronic, France). The pharmacological provocation and augmentation of focal epileptic activity was achieved with intravenous administration of 50-100 mg Brevital (metohexital) and 25 mg/20 s bemegride (Megimide) until the emanation of epileptic focus activity [17] .
The following chronic evaluation and intraoperative SEEG studies were performed on 16/21 patients. At least three electrographic and behavioral seizures were recorded in all of these patients during the chronic evaluation with implanted electrodes. The results of the chronic electrophysiological evaluations were verified during the intraoperative SEEG studies. The only intraoperative SEEG studies were performed on 5 patients (3 children 6-8 years with very frequent seizures and behavioral problems excluding chronic study, and 2 patients (21 and 32 years of age) with quite clear preoperative diagnosis). The criteria for lesioning were: (a) prevalence of interictal epileptic activity in one temporal lobe, with obvious subsequent changes in interictal activity in the contralateral temporal lobe, (b) stable onset of subclinical and clinical seizures from the same temporal lobe structures, (c) stereotyped initial clinical manifestation of seizures and (d) apparent unilateral CT, MRI and positive ventriculography changes. Additionally, the mutually suppressive interactions of hippocampal epileptic foci heralding possible activation of another hippocampal epileptic focus after the ablation of one of them [3] served as an indication for bilateral hippocampal surgery.
Lesioning Cryolesion (freezing) of the epileptic foci tissue was performed using a portable cryosurgical device producing precisely calibrated and volume-controlled lesions [3, 19] .
Postoperative Evaluation and Follow-Up
Postoperatively, the EEG and neuropsychological status of all patients were evaluated twice during their 2-week hospital stay; 20/21 patients were evaluated at 3 and 6 months, 18/21 after 1 year, 16/21 after 2 years, 10/21 after 5 years, and 5 patients after 10 years of surgery. Additional EEG evaluations were performed in between these established times. Postsurgical changes in intellectual ability, memory and language were additionally assessed based on self-reports, as well as on the reports of family members.
All patients were operated on between 1980 and 1995 at the Department of Stereotactic and Functional Neurosurgery Institute of Clinical and Experimental Neurology, Tbilisi, Georgia. The experimental protocol was approved by the Institutional Medical Council (an analogy of the Institutional Review Board) and written informed consent was obtained from all patients or their guardians. A summary of the types of surgery performed, outcomes with respect to seizures, and memory change dynamics is outlined in table 1 .
Results
The deep electrode studies revealed independent interictal epileptic activity and seizure onset in both temporal lobe amygdala-hippocampal complexes in all 21 patients. Figure 2 represents one of such cases of independent seizures in both temporal lobes.
The different variants of the bitemporal epileptic foci interrelations are described in detail elsewhere [3] . Bilateral stereotactic hippocampal epileptic focus lesions were performed for 16/21 patients. A putative predominance of the right hippocampal epileptic focus was revealed in 10/21 patients, whereas a left focus predominance was evident for 6/21 cases. Five of 21 patients with a previous unilateral anterior temporal lobectomy, postsurgical activation of the contralateral temporal lobe epileptic focus, and full relapse of seizures received stereotactic amygdalotomy with anterior partial hippocampotomy in that contralateral temporal lobe. The interval between consecutive surgeries for these 5 patients was approximately 1 year. Additional simultaneous stereotactic bilateral amygdalotomies (16 patients), bilateral cingulotomies (5 R a nd L mean the right or left side of surgery, not a dominance or nondominance of hemisphere. For memory dynamics, results are means and standard deviations; the memory evaluation methods are described in Materials and Methods. ant. = Anterior; ATL = anterior temporal lobectomy; DM = dorsomedial; CM = centromedian. 1 Hippocampotomy here means subtotal cryohippocampotomy. 2 The means and standard deviations are summarized for all patients in this graph.
patients), dorsomedial and centromedian thalamotomies (2 and 5 patients, respectively) were performed based on the assessment of the electrophysiological peculiarities of seizure spread, involvement of these structures in the activity of the epileptic system, and preoperative neuropsychological evaluations.
Seizure Outcome
Class I ('free of disabling seizures') outcome [20] was achieved for 11/21 (52%) of the patients. Class II ('rare seizures') was obtained for 6/21 (29%). The rare and less intense seizures in 6 patients with Class II outcomes became medically controllable with lower doses of medication. Class IV ('no worthwhile improvement') was observed for 4/21 (19%) patients. Within Class IV results, some seizure reduction was observed for 2/21 patients without improvement in the quality of life. Another 2/21 patients had no appreciable changes. No seizure worsening was observed in Class IV outcome patients.
No Class III ('worthwhile improvement') outcomes were observed in this cohort of patients. Special attention was paid to the 5/21 patients who received a stereotactic amygdalohippocampotomy contralateral to the previous unsuccessful (Class IV) anterior temporal lobe resection. A second stereotactic amygdalotomy with partial anterior hippocampotomy considerably improved the outcome; 4/5 patients achieved Class I and 1/5 patients achieved Class II outcome.
Memory Outcome
Near total hippocampotomy in one hemisphere and anterior hippocampectomy in another did not lead to profound memory impairment or additional memory problems. The memory scores did not demonstrate clinical or statistical differences in the preoperative and 1-year postoperative memory state of the patients (verbal memory: t(10) = 0.50 (n.s.); nonverbal memory: t(10) = 0.33 (n.s.). There are some limitations in the summarized assessment of memory in the group of patients with similar surgeries, which does not take into consideration the differences in age between the patients within these groups. However, the absence of such differences in the preoperative and 1-year postoperative memory state makes this assessment quite fair. For 4 patients with a previous contralateral temporal lobectomy, a behaviorally evident short-term memory deficit after such bitemporal interventions was observed for a few days after surgery, leaving long-term memory unaffected. This short-term memory deficit included the inability to recollect some events, actions and conversations immediately preceding the time of testing. These events lasted for 5-7 days after surgery and disappeared abruptly. A mild recent memory deficit compared to the presurgical state was detectable with memory testing for 2-6 months after surgery. For 7/21 patients (4 were patients with previous temporal lobe resections) it did not influence the patient's quality of life. These postsurgical memory declines quickly disappeared in the youngest patients (3/8 patients in the 6-to 16-year range).
IQ Outcome
The neuropsychological assessment of intelligence at the end of the hospital stay (approximately 2 weeks after surgery) revealed an initial IQ decrement from baseline of 5-7 points. After this postsurgical period, IQ scores gradually returned to baseline. This period of rehabilitation continued for 4-6 months and developed more slowly for patients with lower (70-80 points) presurgical IQ Fig. 2 . Bitemporal epilepsy with independent spontaneous seizure onset in both amygdala-hippocampal complexes. 1, 2 and 3, 4 -intraoperative SEEG of the right (R) and left (L) amygdala and hippocampus, respectively. The configuration of the intraoperatively contrasted right and left temporal horns is present on the left side of figure. A' , B' and A'' , B' ' represent the width of the suprahippocampal and lateral clefts of the right and left temporal horns (H), respectively. Despite the less evident atrophy of the right mesiobasal structures, the right amygdala-hippocampal seizure is more intensive and considered dominant for this patient.
scores. Within 6-8 months after surgery, an increase in full scale IQ of 6-9 points over the baseline (11-16 points higher than during the 2-weeks period after surgery) was observed for 11/21 patients. The improvement was more evident for patients with Class I outcome for seizures and preoperative IQ scores higher than 100. A less evident improvement of 5-10 points was observed for the 5 patients who did not improve after the first temporal lobectomy surgery. We did not observe a considerable postoperative decrease of verbal scores after left amygdalohippocampotomy and right anterior hippocampotomy.
Emotional versus Seizure Outcome
A remarkable normalization of the psychoemotional state and behavioral abnormalities such as interictal depression, anger attacks, anxiety and changes in mood was observed in Class I patients. In patients who demonstrated considerable seizure reduction ( 1 50%) and less severe seizures, improvement in the psychoemotional state was evident, but not as remarkable as in the seizure-free patients. Patients who demonstrated less than a 75% reduction in seizure frequency and those who failed to have modified seizure activity (4/21) showed no obvious improvements in behavioral or emotional adjustment.
EEG Outcome
The scalp EEG dynamics generally followed the course of improvement for seizures. The EEG normalization of background activity and the disappearance of focal or lobar abnormalities with a discontinuation of disseminated sharp activity were observed for 9/11 Class I and for 4/6 Class II patient outcomes. The EEG improvement followed the clinical improvement closely in the patients with preoperative sharp activity overlapping the normal background. It should be emphasized that none of our patients had a worsening of their seizures, psychoemotional state or behavioral abnormalities after surgery. No postoperative EEG worsening was observed during follow-up EEG evaluations. No persistent life-threatening complications were observed.
Discussion
Widespread avoidance of bitemporal surgery has developed from the long-held belief that bilateral surgeries on temporal lobes produce a psychic blindness syndrome and severe memory loss [6] [7] [8] [9] . A review of these historical cases did not reveal precise resections limited to hippocampal ablations, but rather extensive bilateral resection of the medial surface often extending 8 cm posterior from the tip of the temporal lobe, performed using a bilateral frontoorbital approach. Bilateral temporal lobe surgery remains taboo, even in cases of bitemporal epilepsy with evident independent hippocampal seizure onset, after reports of severe memory loss in patients with bilateral hippocampal pathology and temporal lobe resections [21, 22] . However, there are doubts about the exclusive role of the hippocampus per se in the mechanisms of memory and learning [11] [12] [13] [14] 23] , which allows an opportunity to develop a minimally invasive approach to this problem with bilateral removal of the brain tissue exhibiting the epileptic electrical activity, presumably allowing the remaining parts of the hippocampi to perform their normal function.
The homolateral amygdala and hippocampus in temporal lobe epilepsy patients are nearly always involved in ictogenesis. In temporal lobe epilepsy, besides seizure generation, the combined abnormal functioning of these two structures is responsible for the psychoemotional and behavioral abnormalities, and this makes these structures important targets for treatment. In patients with interictal, preictal and postictal emotional disturbances, the thalamic, hypothalamic and limbic cortical structures are consistently involved in the epileptic process [17, [24] [25] [26] [27] . In this study, we found that cingulate involvement in the generalization of seizures emanating from the amygdala-hippocampal complex was observed in patients with emotional disturbances such as depression and anxiety. These findings support previous reports about the cingulate involvement in temporal lobe and limbic epilepsy [28] [29] [30] [31] . We performed thalamic dorsomedial nucleus lesions in patients with major psychoemotional disturbances and SEEG verification of the involvement of these structures in the epileptic process. Centromedian lesions were performed because the SEEG recordings and verified participation of this thalamic nucleus in the propagation and synchronization of seizure activity [32] [33] [34] .
It is important to note that we found that an almost total hippocampotomy in one hemisphere and an anterior hippocampectomy in another, without any additional lesions in the temporal lobe cortex, especially the hippocampal gyrus, did not lead to profound memory impairment or additional memory problems. Currently, bitemporal epilepsy patients are functionally deprived of medial temporal structures on both sides preoperatively because of active ictogenesis in both temporal lobes [23] . Elucidation of mild or moderate postsurgical memory changes (based on our memory assessment technique) in most of our patients probably occurred because of their presurgical impaired memory. In most of our patients, there was an increase of verbal and performance scores of a few points, probably because of an absence or decrease of a disturbing influence of intermittent or constant epileptic activity in the contralateral epileptic focus.
Persistent abnormal activity in the mesiobasal temporal lobe structures has a similar disruptive effect to physical ablation on cognitive, learning and memory function. The hypothesis that epileptic activity in the hippocampus disables its normal functioning, is responsible for transient retrograde amnesia, and simulates a 'functional ablation' [23, 35, 36] is supported by results of combined surgery in our group of 5 patients with temporal lobectomy and contralateral stereotactic amygdalohippocampotomy. These patients with postsurgical relapse of seizures, activation of contralateral epileptic foci, and decline in learning and memory after previous temporal lobectomy may be considered 'double losers' [37] . The improvement in intelligence scores and memory after the second surgery (contralateral amygdalotomy and anterior partial hippocampotomy) transformed these patients into 'double winners'. Seizure-free patients achieved significant and stable improvements in behavioral, emotional and social adjustment approximately 6 months after the second surgery, whereas for patients with less favorable seizure outcomes this adjustment was less evident and stabilized at a lower level in 8 months to 1 year.
The benefit of surgery in medically intractable epilepsy is usually weighed against the risk of neuropsychological impairment associated with such surgery. However, the risk of neuropsychological sequelae of epilepsy surgery must also be weighed against the risk of possible deterioration associated with ongoing intermittent seizures in the absence of surgery. In our experience, carefully planned stereotactic or combined (stereotactic + resective) surgery on both temporal lobes does not necessarily lead to additional postoperative declines in intelligence, learning and especially memory. The benefit of seizure control far outweighs the risks of further cognitive decline.
